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Introduction {#sec1}
============

The Himalayan marmot (*Marmota himalayana*), a large squirrel of the genus *Marmota*, is widely distributed at elevations of 1,900--5,000 m around the Himalayan regions of India, Nepal, and Pakistan, and the Qinghai-Tibetan Plateau of China ([@bib40], [@bib19]). The Qinghai-Tibetan Plateau is known for its extreme environment with low atmospheric oxygen pressure, cold climate, and limited resources ([@bib31]). The Himalayan marmot possesses several distinctive biological features, such as hibernation, deep burrow excavation, thick fur, and increased size, which may be associated with its evolutionary responses to the selective pressures of its harsh environment ([@bib2], [@bib17]).

Numerous wild animals, such as the yak, Tibetan antelope, and Tibetan Mastiff inhabit the Qinghai-Tibetan Plateau. Recently, the mechanisms of their adaptation to high altitude have been of great interest. Although different species have experienced similar selection pressures, divergent adaptive pathways and related genes may be involved ([@bib22], [@bib5], [@bib7]). Distinct from other plateau mammals, Himalayan marmots hibernate in family groups during winter time. Hibernation burrows are especially deep, in some cases over 10 m deep ([@bib25]). Hibernation in mammals is a seasonal state of metabolic suppression and dormancy characterized by a decrease in body temperature, metabolism, heart rate, and oxygen consumption ([@bib6]). Himalayan marmots are confronted with severe hypoxic and cold stress during winter.

Here, we report the deep sequencing and *de novo* assembly of a male Himalayan marmot and resequencing of 20 Himalayan marmots from high- and low-altitude and 4 other marmot species, as well as RNA sequencing of Himalayan marmots from the torpor/arousal stage. This study provides clues regarding the genetic mechanisms underlying high-altitude adaptation and hibernation, and will be a valuable resource for researchers studying *Marmota* evolution, highland disease, cold adaptation, and basic Himalayan marmot biology.

Results {#sec2}
=======

Genome Assembly and Annotation {#sec2.1}
------------------------------

Using a whole-genome shotgun strategy with the Illumina HiSeq 2500 platform, we sequenced the genome of a male Himalayan marmot from Xining, Qinghai province, China. The *de novo* assembly of a 508.41-Gb high-quality sequence from 17 paired-end and mate-pair libraries provided 206-fold coverage with a total assembly length of 2.47 Gb, which approximates the genome size estimated by 21 K-mer distribution ([Table S1](#mmc1){ref-type="supplementary-material"}; [Figure S1](#mmc1){ref-type="supplementary-material"}). The contig N50 and scaffold N50 were 80 Kb and 1.5 Mb, respectively ([Table S2](#mmc1){ref-type="supplementary-material"}). The high level of completeness and accuracy of the assembly were validated ([Tables S3--S5](#mmc1){ref-type="supplementary-material"}; [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}). Repeat content comprised approximately 46.52% of the Himalayan marmot genome ([Table S6](#mmc1){ref-type="supplementary-material"}), which was similar to that of the human genome at 46.1% ([@bib16]). The Himalayan marmot shares a similar profile of GC content and CpG frequency as the ground squirrel ([Figure S4](#mmc1){ref-type="supplementary-material"}). A total of 4,905 noncoding RNAs and 1,479 pseudogenes were identified in the Himalayan marmot genome ([Tables S7](#mmc1){ref-type="supplementary-material"} and [S8](#mmc2){ref-type="supplementary-material"}). Using a combinational method based on homology, *de novo*, and transcriptome data, 21,609 protein-coding genes were predicted, and 99.4% of them were functionally annotated ([Tables S9--S11](#mmc1){ref-type="supplementary-material"}). Gene model features were similar to those of model animals, suggesting the high accuracy of the Himalayan marmot gene set ([Table S12](#mmc3){ref-type="supplementary-material"}; [Figure S5](#mmc1){ref-type="supplementary-material"}).

Genome Evolution {#sec2.2}
----------------

To ascertain the phylogenetic position of Himalayan marmot, we compared the genome coding sequence of the Himalayan marmot with those of 14 mammals spanning the orders Primates, Rodentia, Lagomorpha, Perissodactyla, and Artiodactyla. The phylogenetic tree placed the Himalayan marmot and ground squirrel in the same clade ([Figure 1](#fig1){ref-type="fig"}A). This result is consistent with the cladistics data that suggest that marmots evolved from ground squirrels ([@bib11], [@bib28]). The divergence time between the Himalayan marmot and ground squirrel was estimated to be ∼9.8 million years ago (MYA) ([Figure 1](#fig1){ref-type="fig"}A). By comparing the protein sequences of Himalayan marmot to those of humans, mice, and rabbits, we identified 10,358 homologous gene families shared by the four mammals and 235 gene families that were specific to Himalayan marmot ([Figure S6](#mmc1){ref-type="supplementary-material"}). These families were significantly overrepresented in the categories of regulation of feeding behavior and fatty acid metabolic process (corrected p \< 0.05) ([Table S13](#mmc4){ref-type="supplementary-material"}).Figure 1Genome Evolution of the Himalayan Marmot(A) Phylogenetic tree of 15 mammals constructed by the maximum likelihood method. The branch of the Himalayan marmot is highlighted in red. The divergence time was estimated using the nodes with calibration times derived from the Time Tree database, which were marked by a blue rhombus. All estimated divergence times are shown with 95% confidence intervals in brackets.(B) Gene expansion and contraction in the Himalayan marmot genome. The number of expanded (red) and contracted (blue) gene families are shown along branches and nodes. The blue digits in the parentheses represent the estimated numbers of gene families in the common ancestral species. MYA, million years ago. *P. troglodytes, Pan troglodytes; H. sapiens, Homo sapiens; O. cuniculus, Oryctolagus cuniculus; O. princeps, Ochotona princeps; I. tridecemlineatus, Ictidomys tridecemlineatus; M. himalayana, Marmota himalayana; C. griseus, Cricetulus griseus; R. norvegicus, Rattus norvegicus; M. musculus, Mus musculus; E. caballus, Equus caballus; E. asinus, Equus asinus; S. scrofa, Sus scrofa; B. taurus, Bos taurus; O. aries, Ovis aries; C. hircus, Capra hircus; P. hodgsonii, Pantholops hodgsonii; B. grunniens, Bos grunniens.*See also [Figures S1--S6](#mmc1){ref-type="supplementary-material"} and [xs S1--S7](#mmc1){ref-type="supplementary-material"}, [S8](#mmc2){ref-type="supplementary-material"}, [S9--S11](#mmc1){ref-type="supplementary-material"}, [S12](#mmc3){ref-type="supplementary-material"}, [S13](#mmc4){ref-type="supplementary-material"}, [S14](#mmc5){ref-type="supplementary-material"}, [S15](#mmc6){ref-type="supplementary-material"}, and [S16](#mmc7){ref-type="supplementary-material"}.

Variance of gene number in each family has been proposed as a major mechanism underlying the adaptive divergence of closely related species. Compared with ground squirrel, we inferred 221 and 118 gene families that were substantially expanded and contracted in the Himalayan marmot, respectively ([Figure 1](#fig1){ref-type="fig"}B). The expanded gene families were mainly enriched in the functional categories of feeding behavior (GO:2000253, positive regulation of feeding behavior; GO:0002021, sensory perception of smell; etc.; corrected p \< 0.05), hypoxic adaptation (GO:0003300, cardiac muscle hypertrophy; GO:0007596, blood coagulation; etc.; corrected p \< 0.05), and energy metabolism (GO:2000507, positive regulation of energy homeostasis; etc.; corrected p \< 0.05) ([Table S14](#mmc5){ref-type="supplementary-material"}). Based on the hypothesis that the rapidly evolving genes have been under positive selection, we identified 78 positively selected genes (PSGs) using the branch-site likelihood ratio test ([Table S15](#mmc6){ref-type="supplementary-material"}). These PSGs were regarded to be involved in the functional categories of regulation of systemic arterial blood pressure (GO:0043281), G2 DNA damage checkpoint (GO:0031572), triglyceride metabolic processes (GO:0006641), cardiac muscle contraction (GO:0060048), etc. ([Table S16](#mmc7){ref-type="supplementary-material"}). The specific and expanded gene families and PSGs in Himalayan marmot infer that adaptive evolution to the harsh environment occurred at the genomic level.

The Divergence and Demographic History of *Marmota* {#sec2.3}
---------------------------------------------------

To elucidate the evolutionary scenarios of *Marmota* species from a genome-wide perspective, we sampled four *Marmota* species, including Mongolian marmot (*Marmota sibirica*), gray marmot (*Marmota baibacina*), long-tailed marmot (*Marmota caudate*), and yellow-bellied marmot (*Marmota flaviventris*), and performed whole genome resequencing with approximately 10-fold coverage for each individual ([Figure 2](#fig2){ref-type="fig"}A; [Table S17](#mmc8){ref-type="supplementary-material"}). Phylogenetic analysis showed that the Himalayan marmot and Mongolian marmot are sister species and that their divergence time is ∼1.98 MYA ([Figure 2](#fig2){ref-type="fig"}B). As sister species, the heterozygosity rates of Himalayan marmot and Mongolian marmot were comparable ([Figure 2](#fig2){ref-type="fig"}C). However, the historical trends of effective population size (*N*~*e*~) for Himalayan marmot and Mongolian marmot showed a quite different pattern ([Figure S7](#mmc1){ref-type="supplementary-material"}), suggesting that their adaptation to their specific habitats has occurred independently and that these adaptations relate to a number of facets of their biology, including seasonality, food habits, and social behavior. The heterozygosity in yellow-bellied marmot was higher than in other *Marmota* species ([Figure 2](#fig2){ref-type="fig"}C), coinciding with its wide distribution and large population size based on the pairwise sequentially Markovian coalescent (PSMC) model ([Figure S7](#mmc1){ref-type="supplementary-material"}) ([@bib1]). Unexpectedly, the speciation of the Alpine marmot (*Marmota marmota*) (∼5.45 MYA) was earlier than that of the yellow-bellied marmot based on whole-genome sequence and Y chromosome gene sequence ([Figures 2](#fig2){ref-type="fig"}B and [S8](#mmc1){ref-type="supplementary-material"}), challenging the contention that *Marmota* may originate from North America ([@bib26]).Figure 2Geographic Locations, Phylogenetic Relationships, and Heterozygosity of *Marmota* Species(A) Sampling localities of six *Marmota* species. Quadrangle, *M. flaviventris*, yellow-bellied marmot; diamond, *M. marmota,* alpine marmot; square, *M. baibacina*, gray marmot; circle, *M. caudate*, long-tailed marmot; triangle, *M. sibirica*, Mongolian marmot; star, *M. himalayana,* Himalayan marmot.(B) Phylogenetic relationships of *Marmota* species. The branch of the Himalayan marmot is highlighted in red. All estimated divergence times are shown with 95% confidence intervals in brackets. MYA, million years ago.(C) Heterozygosity of *Marmota* species. Each "violin" contains a white box (25%--75% range) and a horizontal black line (median), with the width denoting a kernel density trace.See also [Figures S7--S9](#mmc1){ref-type="supplementary-material"}, and [Table S17](#mmc8){ref-type="supplementary-material"}.

Next, we applied the PSMC model to examine the changes in *N*~*e*~ of the ancestral population of four "Himalayan" species, including Himalayan marmot, giant panda, yak, and snub-nosed monkey. The *N*~*e*~ of the Himalayan marmot sharply declined during the two largest Pleistocene glaciations: the Xixiabangma glaciation (1.17∼0.8 MYA) and Naynayxungla glaciation (0.78--0.50 MYA) ([@bib38]) ([Figure S9](#mmc1){ref-type="supplementary-material"}). Population reductions at these times also occurred in three other Himalayan species ([@bib21], [@bib37], [@bib39]) ([Figure S9](#mmc1){ref-type="supplementary-material"}). Subsequently, Himalayan marmots underwent a much longer bottleneck period compared with other mammals ([Figure S9](#mmc1){ref-type="supplementary-material"}), which might be due to the relatively small body size of Himalayan marmots. However, the *N*~*e*~ of Himalayan marmots was not seriously affected by the last glacial maximum (LGM, ∼20,000 years ago), suggesting that Himalayan marmots had already adapted to the harsh environment ([Figure S9](#mmc1){ref-type="supplementary-material"}).

Transcriptomic Analyses of Hibernation {#sec2.4}
--------------------------------------

In contrast to other plateau mammals, the Himalayan marmot hibernates during winter months. To elucidate the molecular mechanism underlying hibernation, we analyzed the RNA sequencing data derived from liver and brain to characterize the variations in gene expression during the torpor/arousal cycle. Differentially expressed genes (DEGs) were significantly enriched in the pathways of fatty acid metabolism, terpenoid backbone biosynthesis, and primary bile acid biosynthesis in liver (p \< 0.05; [Figure 3](#fig3){ref-type="fig"}A). We clearly observed the upregulation of genes participating in fatty acid degradation (Hadha, Ehhadh, Acat1, Acdvl, etc.) and the downregulation of genes involved in fatty acid synthesis (Fasn, Acaca, Scd1, Elovl6, etc.) in the torpor state, suggesting a precise regulation of lipid-based metabolism ([Figure 3](#fig3){ref-type="fig"}B). In addition, we found an overall downregulation of genes involved in drug metabolism-cytochrome P450, biosynthesis of amino acids, and carbohydrate catabolism relative to arousal stage ([Figure S10](#mmc1){ref-type="supplementary-material"}).Figure 3Characterization of Differentially Expressed Genes during Hibernation(A--D) Distribution of hibernation-related differentially expressed genes (DEGs) in the liver (A) and brain (C) by pathway. Pathways were determined by searching the KEGG pathway database. The x axis indicates the richness factor (DEGs/background genes). Pathways with red and large dots are potentially important to the regulation of the torpor/arousal cycle. Heatmap constructed from liver (B) and brain (D) RNA sequencing data to characterize the gene variations in the pathways of fatty acid metabolism and stem cell pluripotency during torpor/arousal cycle.See also [Figures S10--S12](#mmc1){ref-type="supplementary-material"}, and [Table S18](#mmc9){ref-type="supplementary-material"}.

In the brain, DEGs were mainly enriched in the pathways of complement and coagulation cascades and signaling pathways regulating the pluripotency of stem cells, etc. (p \< 0.05; [Figure 3](#fig3){ref-type="fig"}C). A previous report indicated that because the hibernator\'s brain is exposed to near-freezing temperatures and has decreased blood flow, there is increased risk of stasis-induced blood clots ([@bib15]). We observed significant downregulation of genes involved in the complement and coagulation cascades, metabolism of xenobiotics by cytochrome P450, and circadian rhythm ([Figure S11](#mmc1){ref-type="supplementary-material"}). Moreover, a recent study demonstrated that neurons differentiated from hibernator\'s induced pluripotent stem cells retain intrinsic cold-resistant features ([@bib20]). Two master transcription factors, Sox2 and Myc, in signaling pathways regulating the pluripotency of stem cells were remarkably upregulated during torpor ([Figure 3](#fig3){ref-type="fig"}D), which maintains the self-renewal capacity of stem cells and protects the brain from cold-induced injury ([@bib27]). Meanwhile, the activation of genes (Lifr, Bmpr2, Acvr2b, etc.) involved in regulating the pluripotency of stem cells during arousal ([Figure 3](#fig3){ref-type="fig"}D) may promote stem cell differentiation to repair injured cells. The temporal regulation of the pluripotency of stem cells may be a remarkable strategy for Himalayan marmots to survive extreme environmental stresses.

According to previous studies, Himalayan marmot shares common pathways with ground squirrel and black bear, which include lipid and glucose metabolism, detoxification, complement and coagulation cascades, and circadian rhythm ([@bib24], [@bib4], [@bib30]). However, we found a small fraction of the predicted shared DEGs and paradoxical expression pattern of several genes between these two hibernators and the Himalayan marmot ([Table S18](#mmc9){ref-type="supplementary-material"}; [Figure S12](#mmc1){ref-type="supplementary-material"}). These results suggest that Himalayan marmots may utilize a diverse adaptive strategy to survive in highly seasonal or unpredictable environments.

Genetic Evolution for High-Altitude Adaptation {#sec2.5}
----------------------------------------------

To better understand the mechanism of plateau adaptation for Himalayan marmot, we sampled 20 Himalayan marmots from extremely high-altitude (\>4,500 m above sea level, n = 10) and relatively low- altitude (\<1,900 m, n = 10) ([Table S19](#mmc10){ref-type="supplementary-material"}). We first measured hematologic parameters and found that blood-related traits, especially red blood cell count, hemoglobin concentration, and mean corpuscular volume, were significantly increased in high-altitude Himalayan marmots compared with low-altitude Himalayan marmots ([Table S20](#mmc11){ref-type="supplementary-material"}). Next, we performed whole-genome sequencing for each individual Himalayan marmot and searched the Himalayan marmot genome for regions with high population differentiation (*F*~st~) and the ratio of pairwise diversity (θ~π,\ low~/θ~π,\ high~) ([Table S19](#mmc10){ref-type="supplementary-material"}; [Figures S13](#mmc1){ref-type="supplementary-material"} and [S14](#mmc1){ref-type="supplementary-material"}). We identified 24.84-Mb selective sweep regions distributed among different scaffolds of the Himalayan marmot genome. These regions contain 383 functional genes, which had significantly higher Ka/Ks value than nonselective genes (p \<0.01) ([Tables S21](#mmc12){ref-type="supplementary-material"} and [S22](#mmc13){ref-type="supplementary-material"}; [Figure S15](#mmc1){ref-type="supplementary-material"}). These genes are mainly classified into the categories of "response to hypoxia," "DNA repair," "angiogenesis," "heart function," "fatty acid metabolism," "cell cycle," "heat generation," and "calcium signaling pathway" ([Table S23](#mmc14){ref-type="supplementary-material"}). Ten functional genes involved in hypoxia-inducible factor-1 (HIF-1), vascular endothelial growth factor (VEGF), or other hypoxia-related signaling pathways, including Slc25a14, Nox-1, Hmox1, Vegfr2, Atg16l2, Bex1, Ptgr2, Gprasp1, Fam46d, and Chd3, showed clear genotyping differences between the high- and low-altitude groups ([Figures 4](#fig4){ref-type="fig"}A and [S16](#mmc1){ref-type="supplementary-material"}; [Table S23](#mmc14){ref-type="supplementary-material"}). A nonsynonymous substitution (PHE28 substituted by SER28, F28S) was found in Slc25a14, which showed the strongest differentiation signal (*F*~ST~ = 0.73) ([Figures 4](#fig4){ref-type="fig"}A and 4B). The three-dimensional structure of Slc25a14 based on homology modeling showed that the substitution (F28S) occurred in the loop region at the N terminal and increased its distance to the adjacent α-helix due to the changes in the electric charge and polarity of the amino acids ([Figure 4](#fig4){ref-type="fig"}C). To further evaluate the functional impact of the variant, we aligned the mutant Slc25a14 with its orthologs in diverse mammals and found that PHE28 is highly conserved in all the other animals we examined ([Figure S17](#mmc1){ref-type="supplementary-material"}). The prediction of the functional effects of this variant supports that the F28S substitution is deleterious. All these results imply that F28S is likely the causal mutation for the Slc25a14 sweep in the high-altitude group.Figure 4Signature of Selection in High-Altitude Himalayan Marmots and Overlap with Differentially Expressed Genes during Hibernation(A) Manhattan plot of *F*~st~ and θ~π~ ratios between high- and low-altitude groups. *F*~st~ and θ~π~ ratios were calculated for each 100-Kb autosomal window. The red dashed lines denote the thresholds of *F*~st~ = 0.37 and θ~π~ ratios = 1.57. Ten genes and one pseudogene related to plateau adaptation are shown on their corresponding loci. Slc25a14 and ψAamp with a high selective signal are highlighted in red.(B) *F*~st~ values (top) and θ~π~ ratios (middle) around the Slc25a14 locus. Genomic regions above the red dashed lines (top 5%) were defined as selective sweep regions and highlighted in light blue. *F*~ST~ and θ~π~ ratios were calculated for each 10-Kb window. Gene and its coding sequence (CDS) are shown in black box- and bars, respectively (bottom).(C) The overlapped homology modeling of Slc25a14 from either high- or low-altitude Himalayan marmots. The enlarged view of the three-dimensional structure on the left shows a putative interaction between PHE-28 (low-altitude)/SER-28 (high-altitude) in a loop region at the N terminus and MET-199 in the α-helix. Distance measurements between pairs of atoms are marked with black dashed lines (low-altitude: 5.3 Å; high-altitude: 10.9 Å). PHE, phenylalanine; SER, serine; MET, methionine.(D) Heatmap of hibernation-related differentially expressed genes under selective pressure. Gene expression is transformed into *Z* scores.See also [Figures S13--S17](#mmc1){ref-type="supplementary-material"}, and [Tables S19](#mmc10){ref-type="supplementary-material"}, [S20](#mmc11){ref-type="supplementary-material"}, [S21](#mmc12){ref-type="supplementary-material"}, [S22](#mmc13){ref-type="supplementary-material"}, and [S23](#mmc14){ref-type="supplementary-material"}.

To infer the genetic basis of adaptation shared by high-altitude adaptation and hibernation, we identified 116 DEGs in selective sweep regions. Among them, 25 DEGs were related to the HIF-1 pathway (25/62) and mainly belonged to the categories of DNA repair, angiogenesis, fatty acid metabolism, apoptosis/cell cycle, and heat generation ([Table S23](#mmc14){ref-type="supplementary-material"}). A high proportion of selective sweep genes were differentially expressed during the torpor/arousal cycle, indicating a shared genetic influence between these two biological processes ([Figure 4](#fig4){ref-type="fig"}D). Among these genes, Bex1, Apln, kcne1l, Med12, Dad1, and Fgf16 were significantly upregulated in the liver or brain at the torpor stage ([Figure 4](#fig4){ref-type="fig"}D), suggesting their involvement in both hibernation and plateau adaptation. Previous studies have reported that these genes are involved in many physiological processes, including neuronal differentiation, liver regeneration, angiogenesis, and energy metabolism ([@bib35], [@bib9], [@bib32], [@bib29], [@bib10], [@bib23]). Further experimental validation is needed in future studies.

ψAamp Evolution and Potential Role in High-Altitude Adaptation {#sec2.6}
--------------------------------------------------------------

Pseudogenes are being increasingly recognized as an important regulatory factor in adaptive phenotypic diversification ([@bib8]). Associated with selective sweep signals, we identified 27 candidate pseudogenes involved in extremely-high-altitude adaption, which represented 1.83% of the total genome-wide pseudogenes ([Table S22](#mmc13){ref-type="supplementary-material"}). This ratio is almost comparable to that of functional genes with 1.78%, suggesting their non-negligible roles in extreme environmental adaptation. Consistent with the population genotype divergence found in the protein-coding genes, we also observed nearly fixed mutations in selective pseudogenes, such as ψAamp, ψAdl1, and ψRnf114, in the high-altitude group. Among these pseudogenes, the angio-associated migratory cell protein pseudogene (ψAamp) possessed a complete gene structure and showed the highest *F*~st~ value (*F*~st~ = 0.67), but Aamp was not detected as a selective sweep gene ([Figures 4](#fig4){ref-type="fig"}A and [5](#fig5){ref-type="fig"}A). The structure of ψAamp shows that it is an integrated processed pseudogene whose mRNA was inserted into the genome by retrotransposition ([Figure 5](#fig5){ref-type="fig"}B). It harbors premature stop codons (208^th^ nucleotide, C \> T), deletions/insertions, and frameshift mutations that abrogate its translation into a functional protein ([Figure S18](#mmc1){ref-type="supplementary-material"}). The syntenic relationship of Aamp and ψAamp indicated that Aamp is highly conserved in different mammals. However, ψAamp is specifically found in ground squirrel and Himalayan marmot and preserved highly conservative syntenic locus ([Figure 5](#fig5){ref-type="fig"}B). Further phylogenetic analysis showed that ψAamp and Aamp belonged to two independent branches. Insertion time estimation based on sequence divergence suggested that pseudogene insertion events occurred at 22.64--25.40 MYA, before the split of Himalayan marmot and ground squirrel ([Figure 5](#fig5){ref-type="fig"}C). These findings support the hypothesis that this old pseudogene is specific to Sciuridae and was inherited from their common ancestor. However, Himalayan marmot showed a smaller sequence distance between Aamp and ψAamp compared with that of ground squirrel, suggesting the existence of selective pressure to maintain its genetic elements ([Table S24](#mmc15){ref-type="supplementary-material"}).Figure 5ψAamp Evolution and Potential Role in High-Altitude Adaptation(A) *F*~st~ values (top) and θ~π~ ratios (middle) around ψAamp and Aamp loci. Genomic regions above the red dashed lines (top 5%) were defined as selective sweep regions and highlighted in light blue. *F*~st~ and θ~π~ ratios were calculated for each 10-Kb window. Gene and coding sequence (CDS) are shown in black bars (bottom).(B) The speculated formation of ψAamp. The collinearity of Aamp is shown among humans, the mouse, the rabbit, the ground squirrel, and the Himalayan marmot. In the Aamp gene box, the lines indicate exons. The mature mRNA of Aamp with intact polyA was presumably plugged back into the ancestral genome through retrotransposition and formed the new processed pseudogene, ψAamp. The collinearity of ψAamp found in the ground squirrel and Himalayan marmot is shown in the bottom.(C) A phylogenetic analysis of Aamp and ψAamp. A putative insertion event of ancestral ψAamp was marked with a black box.(D) Alignments of ψAamp and Aamp SNPs. SNP locations were numbered according to the ψAamp coordinate in the Himalayan marmot genome.(E) Prediction of miRNAs binding to 3′ UTRs of Aamp and ψAamp (top). Aamp and ψAamp 3′ UTR contained the seed sequence of hsa-miR-6739-5p and mmu-miR-6935-3p. The 3′ UTR substitution (T \> C in red) of ψAamp was located in the seed region. Prediction of the secondary structure of two pre-miRNAs in Himalayan marmot (bottom).See also [Figures S18--S20](#mmc1){ref-type="supplementary-material"}, and [Tables S22](#mmc13){ref-type="supplementary-material"}, and [S24](#mmc15){ref-type="supplementary-material"}.

As an important regulatory region, the 3′ UTR is a classically targeted locus of microRNA (miRNA) in animals ([@bib34]). Mutations in this region may influence mRNA abundance and phenotype divergence ([@bib3]). We found four fixed substitutions in the upstream region, second exon, 11^th^ exon, and 3′ UTR of ψAamp in the high-altitude group ([Figure 5](#fig5){ref-type="fig"}D). Within the 3′ UTR, we found a perfectly conserved seed match, which crossed the T \> C substitution, for the ψAamp/Aamp-targeting hsa-miR-6739-5p and mmu-miR-6935-3p ([Figure 5](#fig5){ref-type="fig"}E). Pre-miRNA structure simulation showed that they hold stable hairpin structure in the Himalayan marmot genome ([Figure 5](#fig5){ref-type="fig"}E). Moreover, we detected transcription of ψAamp and Aamp in the liver of Himalayan marmots ([Figure S19](#mmc1){ref-type="supplementary-material"}). The expression level of Aamp was decreased in the high-altitude group ([Figure S20](#mmc1){ref-type="supplementary-material"}). These results support the hypothesis that mutation in the 3′ UTR of ψAamp may decrease the miRNA combination efficiency and thus influence the stability of Aamp in the high-altitude group.

Discussion {#sec3}
==========

In this study, we presented a draft genome of a male Himalayan marmot, which provides a valuable genomic resource to study its genome evolution and distinctive physiological features, including hypoxic adaptation and energy homeostasis. Phylogenetic analysis revealed that the formation of the Himalayan marmot species may be due to the uplift of the Tibetan Plateau. During the LGM, the Himalayan marmot was well adapted to the extreme environment.

A greater understanding of genetic diversity across the high- and low-altitude populations has enriched the knowledge of extreme environmental adaption. The strong signal of population differentiation and the apparent genotype difference found at the locus of Slc25a14 imply its important role in the adaptive responses of Himalayan marmots to hypoxia. Slc25a14 is neuroprotective through the regulation of mitochondrial function and oxidant production ([@bib14], [@bib13]), and is also implicated in the maintenance of metabolic rate and adaptation thermoregulation ([@bib33], [@bib36]). Interestingly, we found that ψAamp may be biologically active in mediating Aamp expression via competitive miRNA in the high-altitude group. Aamp is expressed in multiple cell types and mainly localized in the cytoplasm and membrane in vascular endothelial cells ([@bib12]). The knockdown of Aamp impaired VEGF-induced endothelial cell migration and angiogenesis ([@bib12]). The downregulation of Aamp in the high-altitude group may be a protective strategy to prevent excess angiogenesis under extremely hypoxic conditions. Bearing in mind that Himalayan marmot is a hibernating animal, a close connection between plateau adaptation and hibernation was supported by a high proportion of selective sweep genes that were differentially expressed during the torpor/arousal cycle. Meanwhile, complement and coagulation cascades and pluripotency of stem cell signaling pathways may be implicated in the protective strategy of the brain for cold resistance. The comprehensive characterization of the Himalayan marmot genome along with whole-genome resequencing data of additional marmots presented herein provide a broad view for elucidating its evolutionary events and environmental adaptation. The identification of distinctive genetic traits will contribute to its potential medical applications.

Limitations of the Study {#sec3.1}
------------------------

Here, we provide a comprehensive framework for understanding the genetic adaptation to the harsh environment in Himalayan marmot. Although the quality and contiguity of the Himalayan marmot genome assembly is carefully validated and generally reliable for the current study, the contig/scaffold N50 does not reach the best level of the mammalian genome assemblies. With the development of high-throughput sequencing technology, the assembly quality will be improved in future work. In addition, functional experimental assays should be performed to further validate the selected sweep genes and identify the targets involved in hypoxic and cold adaptation.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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